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ABSTRACT 


A  eoinpllntlon  of  oBstracLs  on  the  effects  of  high  energy 
radiation  on  the  infrared  and  other  optical  properties 
of  germanium,  silicon,  silica,  glass  and  quartz.  Pertinent 
periperal  matter  is  included. 
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INTRODUCTION 


The  infrared  transmission  of  optical  materials  has  been 
the  subject  of  very  few  investigations.  Ordinarily  the 
absorption  spectra  is  of  most  interest  because  it  reveals 
energy  levels  of  defects  and  bonding  types  of  solid 
materials.  The  following  compilation  of  abstracts  Is  an 
attempt  to  gather  in  one  report  most  of  the  references 
on  the  effects  of  high  energy  radiation  on  the  Infrared 
optical  properties  of  specific  materials.  The  materials 
are  silicon^  germanivun,  silica,  glass  and  quartz.  The 
effort  was  concentrated  on  finding  changes  in  transmission 
properties  but  many  perlperal  subjects  are  included.  The 
period  covered  is  from  1950  to  the  present  date. 

The  abstracts  are  arranged  by  author  under  each  specific 
material.  A  corporate  author  index  is  offered  as  a  help 
in  following  a  set  of  progress  reports  for  a  single 
company. 
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GERMANIUM 


1.  Huldt,  L.  and  Etaflin,  T, 

Optical  constar.  LS  cf  evaporated  films  of 
zinc  sulphide  and  germanium  in  the  infra¬ 
red.  OPTICA  ACTA  V.  6,  p.  27-36,  Jan  1959- 

Measurements  of  the  optical  constants  of  vacuum-evaporated  films  of  zinc 
sulphide  and  germanium  some  microns  thick  by  three  different  methods  in  the 
region  2000  -  10,000  cm'^  (5  -  Ip)  are  reported.  The  refractive  Indices  of 
both  substances  proved  to  be  definitely  higher  than  for  the  corresponding 
bulk  material.  When  the  films  were  evaporated  with  pure  nitrogen  as  residual 
gas  instead  of  air,  the  refractive  index  decreased  considerably  and  reached, 
for  ZnS,  approximately  the  bulk  value,  whereas  for  Ge  it  still  remained 
somewhat  higher.  The  variations  in  the  modes  of  determination  seem  to  exclude 
the  observed  anomalies  bei.-ig  due  to  the  complexity  of  the  film  .structure. 


2.  Meyer,  H.  J.  G. 

Theory  of  infrared  absorption  by  conduction 

electrons  in  germanium.  JOURNAL  OF  THE  PHYSICS 

AND  CHEMISTRY  OF  SOLIDS  v.  8,  p.  264-269,  Jan  1959. 

It  is  shown  that  a  theory  of  infrared  absorption  by  conduction  electrons  which 
takes  into  account  the  structure  cf  the  conduction  band  and  acoustical  as  well 
ac  optical  intravalley  scattering  can  be  developed  without  any  serious 
approximation.  In  combination  with  an  ectlmote  of  the  possible  influence  of 
impurity  scattering,  the  theoretical  re.sults  can  be  used  for  the  determination 
of  one  of  the  acoustlc.ai  and  of  the  optical  deforniatlon  potential  constants. 
From  available  experimental  d.ata  the  approximate  numerical,  value  of  the  latter 
is  detez'mined.  The  general  limits  of  validity  cf  the  theory  are  discussed. 


i,  Nazarewlcz,  B.  V/. 

INDIRECT  AD.S0RPTI0N  EDGE  IN  GERMANIUM  BOMBARDED 
BY  FAST  NEUTHON.S.  Polish  Academy  of  Sciences, 
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;j.  (Oerit'dj 


3-77-6i-2/sb-6i-^ 


of  Nuclear  Repearcii^ 

NP-8^6i,  1959. 

This  paper  reports  tlie  results  of  absorption  measurements  fox*  germs, nlum 
single  crystals  with  various  concentrations  of  structural  defects  Introduced 
by  fast  neutron  bombardment.  It  was  found  that  the  edge  is  of  the  form 
expected  for  indirect  transitions  accompanied  by  phonon  interaction. 

An  analysis  of  absorption  data  on  the  basis  of  the  Macfarlane  -  Roberts 
formula  yield  values  for  the  indirect  energy  gap  and  the  temperature  of  the 
phonon  Involved. 

Various  concentrations  of  defects  were  obtained  by  partially  annealing  at 
various  elevated  temperatures. 


4.  Philipp,  H.  R.  and  Taft,  E.  A. 

Optical  constants  of  germanium  in  the  region 
1  to  10  EV.  PHYG.  REV.  v.  II3,  p.  1002-1005, 

15  Feb  1959. 

The  reflectance,  |r(  A  )  of  single-crystal  germanium  has  been  measured 
in  the  range  0.6  to  11.3ev  and  the  phase,  A  )>  has  been  computed  from  these 
data  using  the  Kramers  -  Kronig  relation  between  the  real  and  Imaginary  parts 
of  the  complex  function  In  r  =  In  frf  +  Ifl.  The  optical  constants,  n  and  k, 
have  then  been  determined  from  the  Fresnel  reflectivity  equation.  The  real 
part  of  the  refractive  index,  n,  has  maxima  of  5-5  at  2.07  sv  and  4.2  at 
3.2  ev.  Above  6  ev,  the  index  is  very  nearly  1.  The  extinction  coefficient, 
k,  shows  maxima  of  2.0  at  2.5  ev  and  4.2  at  4.4  ev.  Below  3.5  ev,  the  results 
are  in  good  agreement  with. measurements  of  Archer  (see  2017).  Beyond  this 
point,  they  depart  from  his  extrapolated  curve. 


5.  Purdue  Research  Foundation 

SEMICONDUCTOR  RESEARCH.  QR  no.  1,  1  July- 
30  Sep  54.  (Contract  DA-36-O39-BG  63222). 

ASTIA  AD-54  914, 

Optical  Absorption  In  N-type  Germanium: 

This  study  was  made  In  the  wavelength  from  5-3O  microns.  The  samples  of 
different  carrier  concentrations  were  at  three  temperatures:  450°K,  294°K 
and  78^K. 
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5.  CC9nt*d) 


A  ccmparlsoa  of  tlw  roOm  temperature  and  liqilld  nitrogen  temperatwe 
absorption  oiiryei  for  a  given  tamiple  ebow  that  the  absorption  coefficient  at 
78®K  i«  even  higher  than  at  29*f°K  for  stiff Iclently  small  wave  rmmbers* 

At  t50°K  If  the  scattering  Is  predominately  lattice  scattering  then  theory 
predicts  that  "a**  is  proportional  to  and  the  absorption  should  have  & 
slope  Otf  -2.3.  The  correspondence  hetweea  theory  and  experiment  indicates 
an  effective  electron  mess  m*==.13m  where  m  Is  the  free  electron  mass* 


6»  Stoeckmann,  F. ,  et  al. 

Photoconductivity  of  electron  bombarded  Ge 
(Abstract  of  meeting),  PHYSICAL  REVIEW 
V.  9&,  n,  5,  p.  1535>  1  June  1955' 

The  photoconductivity  of  n«type  Ge  illuminated  with  light  in  the  fundamental 
absorption  region >  Increases  during  bombardment  with  fast  electrons  (6  Mev) 
at  90  K.  The  increase  is  fast  at  the  start  of  irradiation,  slower  after 
prolonged  bombardment  amounting  to  two  orders  of  magnitude.  The  time  constants 
of  the  rise  and  decay  curves  are  about  one  second.  The  photoconductivity 
decreases  as  the  sample  is  converted  to  p«type.  These  observations  show  the 
production  of  hole  traps  by  the  bombardmerrt . 


7.  "  Ul-ihanov,  Y.  I. 

An ^Investigation  of  infrared  absorption 

by  minority  carriers  In  germanium.  SOVIET 

PHYS,  -  SOLID  STATE  v.  1,  p.  326-329,  Mar  1959. 

Aa  investigation  of  the  absorption  spectra  due  to  hole  injection  in  germanium 
over  the  wavelength  region  from  2  to  at  room  temperature  and  at  T  =  105*^ 
is  reported#  Two  weak  maxima  at  3.^^  were  observed  at  room  temperature.  At 
wavelengths  above  5«5>-i  the  absorption  increased  sharply,  remaining  constant 
over  the  region  9  bo  13p.  At  T=105°,  Instead  of  two  maxima  at  3.*^'  p  and 
a  narrow  absorpti'on  band  was  observed  at  with  absorption  comparable  to  that 
observed  at  room  temperature.  On  either  side  of  the  maximum  the  absorption 
decreased  to  vanishingly  small  values.  In  the  region  from  6y  the  absorption 
Increased  smoothly,  reaching  a  maximum  at  12p  approximately  equal  to  the  room 
temperature  value.  There  is  good  agreement  between  the  absorption  spectra 
due  to  Injection  carriers  in  n-type  germanium  and  the  absorption  spectra  due 
to  e^l librium  carriers  in  p-type  germanium. 
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sfLicoir 

8.  Becker»  M.»  Fan,  H.  Y.  and  Lark«Horovitz,  K. 

Infrared  absorption  of  nucleon  bombarded 

•  silicon  I  (Abstract  of  Meeting)  BULLETIN 

OF  THE  AMERICAN  PHYSICAL  SOCIETY  v.  26, 
n.  6,  p.  L3,  2k  Oct  1951- 

Recent  investigations  shov  that  the  absorption  in  silioon*  beyond  1.1  miaron, 
rises  again  tovard  longer  wave  lengths  and  is  smaller  the  higher  the  resistivity. 

9.  Cole,  R.  L.  and  Mitchell,  G.  A. 

DEVELOPMENT  OF  SILICON  INFRARED  OPTICAL 

COMPONENTS.  Texas  Instruments,  Inc.,  Dallas. 

Quarterly  progress  rept.  no.  U,  1  Sep-1  Dec  59- 

(Contract  AF  33(600)380085).  ASTIA  AD-23'+  420. 

Descriptors!  Infrared  optical  materials*;  Silicon*;  Casting?  Infrared  domes*? 
Ixifrared  windows;  Radiation  effects;  Molding  materials;  Neutron  bombardment; 
Silicon  compounds*?  Monoxides;  Nitrides. 

This  Document  includes; 

Romankoj  J. 

EFFECTS  OF  REACTOR  RADIATION  ON  THE  OPTICAL 
PROPERTIES  OF  SILICDN  AND  SILICON  MONOXIDE* 

Convalr,  Fort  Worth,  Tex.  Rept.  no.  FZK-118. 

(Contract  AF  3^(600)38085), 

A  easting  process  has  been  developed  to  produce  sllleon  domes  and  plates  up 
to  4  in.  in  diameter.  The  same  process  will  be  used  to  cast  12  in.  -die® 
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I 


3om#s  anfl  jl*tea.  Wo^rk  eontlniMa  oa  tha  dovalofment  c£  s-trttcturally  sound, 
fure  silicon  nitriflo  loelds.  These  molds  viouli  be  used  la  conjtuictioa  vith 
the  m2t  01*  pour  eeating  siethod  of  obtaining  silicon  ingots.  Assign  and 
labrlcetion  Dears  oomplftlen  on  the  hot  fotimlog  siachlae  vhlch  vlll  be  used 
to  thermally  deform  plates  of  silicon.  An  epoxide  easting  resin  still 
appears  to  be  the  most  suitable  adhesive  for  joining  ©r  bonding  silicon  to 
Itself’  After  irradiation,  joined  ellictti  samples  were  found  to  increase  In 
bond  strength  some  30  to  k0%.  Rept.  no.  J^-llS.  Specific  matters  of 
Interest  in  this  effort,  ^hich  emphaelzes  the  2-to  6»p  region, •include:  (l^ 
a  study  of  the  literature  on  the  effects  of  nuclear  radiation  On  silicon 
optics:  (2)  the  high- temperature  characteristics  of  very  blgh-reslstlvlty 
silloori.  such  as  r;ilg'ht  be  obtained  by  neutron  bombardment;  (3)  the  expected 
radiation  environment  to  ■which  suet  equipment  could  be  subjected  and  expected 
to  function}  end  (4)  the  use  Of  heatrOn  bombardment  to  raise  economically 
the  eleetrleal  resistivity  of  lov-grade  silicon  to  a  ievel  suitable  for 
optical  use. 


10.  Cole.  R.  L. 

DEVELOPMENT  OF  SILICON  INFRARED  OPTICAL 

COMPONENTS,  Texas  Instruments,  Inc»,  Dallas. 

•Quarterly  progress  rept.  no.  6,  1  Mar-1  June  60,  38p. 

(Contract  AF  33(600)38085).  ASTIA  AD-240  268. 

Descriptors!  Infrared  optical  materials*;  Silicon*!  Infrared  domes*;  Casting} 
Infrared  windows;  Radiation  effects;  Molding  materials;  Silicon  compounds*; 
Monoxides;  Nitrides;  Vapor  plating;  Hydraulic  presses. 

A  casting  process  has  been  developed  which  will  consistently  produce  12  inch 
diameter  x  5/8  inch  thick  cast  silicon  plates,  and  8  i  inch  outside  diameter 
X  4  inch  thick  cast  silicon  domes.  A  large  hydraulic  press  and  furnace 
eoi^inatlon  has  been  completed.  This  maehine  was  designed  specifically  to 
tbermaliy  daforra  oast  alllcoa  plates  into  spherical  segments.  The  segments 
are  then  bonded  into  7  k  inch  outside  diameter  x  ^  inch  thick  mosaic  silicon 
domes.  In  order  to  supply  silicon  plates  and  segments  for  the  large  mosaic 
domes  and  plates,  the  east  plates  vere  all  produced  on  a  small  casting 
machine  previously  built  and  normally  used  for  producing  four-inch  diameter 
domes.  The  silicon  mosaic  struotures  will  receive  a  final  process  which 
Involves  grinding,  polishing  and  coating.  Two  four-inch  diameter  silicon 
vapor  deposited  domes  have  been  produced,  but  have  slightly  low  transmission. 
They  are  mechanleally  strong  with  no  visible  voids  or  inclusions.  In 
addition,  an  appreciable  reduction  in  adsorption  at  nine  microns  was  realized. 
Strength  tests  performed  on  pressed  silicon  samples  show  virtually  no  change 
In  the  moduli  of  rupture  and  elasticity  over  values  obtained  with  Cast  or 
grown  silicon  samples, 
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Coi»^  3.  L. ,  Mitchell,  G.  and  flicks,  S. 

DEVELOPMENT  OF  SILICON  INFRARED  OPTICAL 
COMPONENTS  (TRANSMITTING  WINDOWS)  Texas 
Instl*uments,  Inc.,  Dallas.  Knal  techaical 
engineering  rept,  AMC  TR  60-7-7l9»  1  Nov 

58-35  Aug  60.  Dec  60,  211p.  (Contract 
AF  33(600)38085,  ProJ.  7-719).  ASTLA 
AD-250  513. 

Descriptors.  ^Infrared  windows,  ^Infrared  optical  materials,  *Sllicon, 

Casting,  Mechanical  properties,  Production,  Radiation  effects,  »Seml conductors. 
Impurities,  Sillaon  compounds,  Monoxides. 

This  rept.  Includes: 

Romanko,  J. 

EFFECTS  OF  REACTOR  RADIATION  ON  THE  OPTICAL 
PROPERTIES  OF  SILICON  AND  SILICON  MONOXIDE. 

Convair,  Fort  Worth  Tex.  Dee  60,  21p, 

(Appendix  A  to  AMC  TR  60-7-719 ). 

Hill,  0.  H.  . 

EXPERIMENTAL  STUDIES  OF  THE  EFFECTS  OF  REACTOR 
RADIATION  ON  THE  UP  GRADING  OF  IMPURE  glLICON. 

,  Convair,  Fort  V/orth,  Tex.  Dec  60,  26p. 

(Appendix  B  to  AMC  TR  6O-7-719). 

Silicon  plates  tip  to  12  inches  la  diameter  hy  1  Inch  thick  and  silicon 
hemispherical  domes  up  to  3-^  Inches  in  diameter  by  ^  inch  thick  can  be 
economically  cast  or  segmented  for  use  as  infrared  transmitting  windows. 

The  optical  transmlselOu  of  nuclear  reactor  irradiated  silicon  showed  some 
improvement  fcr  limited  wavelengtns. 
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13.  Corbett,  J.  W. 

DEFECTS  IN  IBFADIATED  aiLIflON  II.  INFRARED 
ABSORPTION  OF  TUfl  Si -A  CENTER.  General 
Electric  Research  laboratory,  Schenectady, 

New  York.  60-R-(2559  Oat  60,  27p, 

Also  In  THE  PHYSICAL  REVIEW  v,  121,  n.  4, 
p.  1015»1022,  15  feb  1961. 

The  Sl-A  center  is  a  major,  radtation-dsmhge  defect  produced  la  “pulled" 
silicon  by  room  temperature  irradiation.  In  this  report  (ll),  we  present 
the  Infrared  measurements  which,  in  conjunction  with  the  spin  resonance 
meaeurements  of  the  preceding  report  (i),  establish  the  identity  of  the  Sl-A 
center.  A  new  infrared  absorption  hand  is  observed  at  13  yi  in  electron- 
irradiated  silicon.  This  band  is  shown  to  be  a  vibrational  band  of  Imparity 
oxygen  in  the  lattice.  Macroscopic  and  microscopic  correlations  between  the 
12  p  band  and  the  spin  resonance  of  the  Sl-A  center  are  presented.  The 
maerosooplo  correlations  are  Of  production  rate,  recovery  etc.  The  miaroscopic 
ccrrelatlonsderi  .'e  from  the  absorption  of  polarized  infrared  radiation  by 
Samples  of  various  crystallographic  orientations,  subjected  to  a  iinlaxtal, 
eompresalve  stress.  Partial  alignment  of  the  defects  is  induaed  by  the  stress 
and  is  detected  as  a  dlchroism  In  the  12  p  band.  This  alignment  is  compared 
to  the  corresponding  alignaent  studies  In  the  spin  resonance  measurements  in 
report  I.  It  Is  shown  that  the  kinetics  and  magnitude  of  the  response  to 
the  stress  are  the  same  for  the  defects  observed  in  both  types  of  measurements* 
This  shows  that  the  12  ^  band  arises  from  the  61 -A  center  and  established  the 
configuration  of  the  oxygen  in  t.he  defect.  These "results,  together  with  the 
results  of  report  I,  allow  us  to  conclude  that  the  Sl-A  center  is  a  lattice 
vacancy  with  an  oxygen  atom  bridging  two  of  the  four  brokea  bonds  associated 
with  the  vacancy.  The  remaining  two  bands  can  trap  an  cleotroa  giving  rise 
to  the  spin  resonance  speetnim  of  the  defect.  The  identification  of  the 
Si -A  center  Indicates  that  the  vacancy  Is  mobile  in  a  room-tejuperature 
Irradiation. 


13*  Corbett,  J.  W. ,  Watkins,  G.  D.  and  Oiirenko,  R.  M. 

Infrared  studies  of  electron  irradiated 
silicon  I.  BUi:.  AM.  PKYS.  SOC.  v.  5,  Set.  TI, 
p.  25-26  <A),  27  Jan  ie(S0, 

The  IR  absorption  spectruTn  of  Silicon  irradiated  at  room  temperature 

with  1.5  mev  electrons  was  dlscuased.  A  sharp  hand  at  IP  ^  with  an  intensity 
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roughly  proportlcnai  to  the  ooaeentffatloa  of  SiBBOlved  oxygen  originally  In 
the  sllleon  has  been  observed.  The  produfftlon  rate  of  tMe  band  ve.'  Irradiation 
correlates  with  that  of  thb  defeat  previously  studied  In  spin  resonanae 
(a  aenter)  and  in  electrical  measurements  (net  aeeeptoi*  at  E(,-0.17  ev),  vhlch 
has  been  sbovn  to  he  strongly  dependent  upon  oxygen  content*  The  annealing 
behavior  or  the  19  p  band  is  similar  to  that  of  the  other  measurements^  again 
suggesting  that  they  arise  from  the  same  defect.  In  a  sample  enriched  with 
14  peraent  a  small  stibaidiary  peak  is  observed  which  identifies  the  12  p 
ahsorptlen  as  arising  from  tns  vibration  of  a  single  oxygen  atom.  Ihese 
data  lend  support  to  the  model  proposed  from  spin  resonance  studies  that  the 
A  oenteri  which  is  the  dominant  defect  produced  by  irradiation  in  pulled 
sillsoni  Involves  an  oxygen  atogi  trapped  In  a  lattice  vacancy. 


l4.  Fan*  H.  V. . 

Infrared  absorption  of  nucleon  bombarded 
alllaon  Tl  (Abstract  of  meeting)*  BULLETIM 
OF  THS  AKERIOAN  FiilSICAL  SOdSTF  v*  26, 
a,  6,  p*  34,  24  Oct  1951. 

The  reduatlon  of  long  wavelengths  absorption  to  very  small  values  is  aonvlnclng 
eviaenea  for  ascribing  the  long  wavelength  absorption  of  free  earrlere* 


15.  Fan,  H.  Y. 

SEMICOUEUCTOR  RESEARCH  FOURTEENTH  QUARUIRLY 

REPORT.  Purdue  University^  Purdue  Research 

Foundation,  Lafayette,  Indiana*  PRT’-1858| 

Progress  Report,  l4th  Quarterly  Report. 

1  Nov  59-31  Jan  SO.  ASTTA  AD-235  332. 

Several  additional  lattice  absorption  bands  were  observed  in  electron  or 
neutron  bombarded  silicon  between  9“l4  nilcrocs*  A  summary  is  given  of  the 
Investigation  of  electron  spin  resonance  in  neutron  irradiation  silicon. 
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l6>  Faa>  H.  Y«  and  Ramdas^  A.  K* 

Infrared  absorption  In  neutren-lrafadlated 
silicon.  J.  PHYS.  CHEM.  SOLIDS  v.  8, 
p.  272-27U,  Jan  ig59. 

Irradiation  by  high  energy  neutrorifl  and  eleatronB  produces  la  eiHcon  Infrared 
absorption  bands  associated  with  the  iatroduaed  lattice  defects.  Several 
bands  have  been  observed.  The  possibility  of  observing  a  particular  absorption 
band  depends  on  the  Fermi  level  in  the  irradiated  sample  vhish  deternliies  the 
state  of  ionization  of  the  defeats.  The  absorption  was  studied  after  aaneallog 
the  sample  at  different  temperatures.  It  wa«  found  that  the  various  absorptloa 
bands  are  associated  with  different  types  of  dafeot  centers.  One  of  the  bands, 
at  20.5  microns,  increased  or  decreased  with  temperature  annealing  depending 
on  the  Fermi  level.  The  observation  is  understandable  on  the  asstunption  that 
the  anneal  of  the  type  of  absorption  aenter  depends  upon  the  state  of  Ionization 
of  the  defects. 


17.  Hill,  0.  H.,  Cole,  R.  L,  and  Mitchell,  G,  A. 

DEVELOPMENT  OF  SILICON  INFRARED  OPTICAL 
■  COMPONENTS.  Texas  Instruments,  Inc»,  Dallas. 

Quarterly  progress  rept.  no.  5*  1  Be®  59* 

1  Mar  60,  83p.  (Contract  AT  33(600)38085). 

ASTIA  AD-237  392, 

Descriptors?  Infrared  Optiaal  materials*;  Silleoe*;  Infrared  domes*;  Casting; 
Ijlfrared  vlndovw;  Radiation  eyfeetsi  Molding  materials j  Silicon  compounds*; 
Monoxides;  Nitrides. 

A  casting  proceas  was  developed  to  ijrodlice  silicon  dOBies  and  plates  up  to 
6  in.  in  diametar.  Ihl9  same  process  will  be  used  to  cast  8^-in.  -diam 
silicon  domes  and  up  to  l2»in.  dtaa  silicon  plates.  The  fabrication  of  the 
hot  forming  machine  nears  completion.  This  machine  will  be  used  to  press 
h  3A-ln.  -diam  by  7/16-ln.  -thick  cast  sllleon  plates  Into  spherical 
segments  which  will  be  U8ed  to  form  7«|-ln.  -  diem  mosaic  silicon  domes. 

Cast  silicon  plates,  h  3A-la.  lo  diam  by  various  thicknesses,  Vlll  be  used 
to  form  the  required  12-ln,  -diam  jnoselc  plates.  Tlie  effect  of  Irradiation 
on  ellicon  monoxide  coatings  and  the  effect  of  irradiation  on  the  absorption 
coefficient  of  low  reBlstivlty  silicon  was  investigated.  Irradiation  of 
eilicon  monoxide  coatings  stowed  little  fllffereace  before  and  after  irradiation. 
However,  the  effect  of  irradiation  on  the  absorption  coefficient  of  low 
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resistlviBy  silicoa  was  prenoimced.  Low  resistivitir  n«type  and  p-type  slll®on 
sliOwed  a  transfCraatlon  after  Irradiation  that  markedly  reduces  their 
absorption  coefficient.  The  reduction  was  tion-linear  with  a  small  reduction 
at  ^  to  a  large  reduction  at  to 


18.  jrfonso.  X.  A. 

NUCLEON  IKiADTATlON  OP  SILICON  SEMICONDUCTORS. 
A  thesis  Submitted  to  the  Faaulty  of  Purdue 
University.  Aug  1957- 

List  of  Tables 
List  of  Illustrations 
Abstraot 
Introduction 

General  Considerations  and  His tor/ 

Band  Theory 

The  Experimental  Problem 
Calculations  and  Methods  of  Analysis 

Determination  of  Carrier  Concentratlone  from  Hall 
Coefficient  and  Resistivity 
Nondegenerate  Semiconductors 
Degenerate  Semiconductors 
Calculation  of  Lattice  Displacements 

Location  of  Defect  Levels  by  the  Dependence  of  Radiation 
Effects  on  Fermi  Level 
Disousslon  of  Experimental  Technitiues 
Neutron  Irradiated  Samples 
Sample  Preparation 
Electrioal  Measurements 
Optical  Measurements 
Deuteron  Irradiated  Samples 
Sample  Preparation 
Irradiation  Chamber 
Elsctrlcal  and  Optical  Measurellients 
Experimental  Results  and  CoaeiUSions 

Electrical  and  Optical  Properties  of  Heutron  Irradiated 
Silicon 

The  Effects  Introduced  by  Irradiatlcn 

A  Study  of  the  Effect  of  Annealing  on  en  Irradiated  Sample* 
Deuteron  Irradiations  cf  Single  Crystal  Silicon 
Genera j.  Observations 

Dependenae  of  Removal  Rate  on  Perm!  leYel 
Naa-ilq,ul  librium  EffeCte  After  Irradletlca 
Bombardment  Defect  Impurity  COfMiuctlon 
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Changes  ij;  W'9bl!Itlic/  of  Charge  Carriers  Pro4tea<*  ty  Deute?on  Tpradlation  0£ 
Silicon 
Summary 
Bibliography 

Vita 


13.  Loiigo,  T.  A.  and  Hleitmarij  D. 

Neutrgn  irradiate!  silicon  (abstract  of 
meetings)  PHYSIOAl  REVIICW  v.  100,  n.  U, 

p.  1260-1261,  15  NoAf  1955. 

After  fast  neutron  Irradiation  at  *4$  Q  the  temperature  dependence  of  Hall 
coefficient  and  resistivity  of  both  n«type  and,  p-type  single  crystal  silicon 
samples  indicated  that  intrinsic  behavior  vas  approached  in  each  sample. 

A  1.75  >1  peak  in  the  optical  absorption  soefficient  was  observed.  Appreciable 
phctaconduotlvlty  vas  observed  beyond  the  fundamental  region  to  about  1.5 
after  which  there  is  a  sharp  drop  with  a  shoulder  in  the  region  between  2 
and  3  Annealing  experiments  were  continued.  • 


20.  Purdue  University.  Physios  Dept. 

SEMICONDUCTOR  RESEARCH.  Second  Quarterly 
Report.  1  Oct-1  Dec  5**.  (DA  36*939-se63222) . 

Effects  of  Annealing  in  Neutron  Irradiated  Silicon. 

Infrared  optical  absorption  measurements  were  made  on  p-type  neutron  bombarded 
sample  of  Silieon  II  after  certain  amoutits  of  annealing.  After  annealing  the 
1.8jj  absorption  peak  decreases  and  appears  to  acquire  a  long  wavelength  tail, 
both  at  room  temperature  and  at  L.  IT. 


21.  Purdue  Research  Foundation. 

eEMIGONDUCTOR  RESEARCH.  QR  no.  12,  1  May- 
31  July  59.  (da  36-C39-SC  71131).  ASTIA 

AD-230  803. 

lilfrarsd  absorption  in  irradiated  silicca,  by  A.  K.  Ra.mdas  and  &•  Y.  Fan¬ 
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22,  •  l^avllcv,  If*  £. 

» 

Wjsorptloc  of  infrarel  radf atloa  Iby  free 
eharge  carriers  in  sllleon.  FIZ,  TVJERDOOO 
TELA  V.  2,  n.  9,  p.  37*^-?,  196© . 

(iti  Rttsslaa) 

Reports  an  Investigation  (^t  295°K)  Of  the  atsorptlOa  Of  1-11  radiation  in 
•ilioon  monoerystals  of  p-  and  «-typo  vlth  tree  carrier  densities  from  10^^ 
to  5  X  10^1  Gm"3  and  la  silicon  previously  irrailatei  vlth  fast  neatrone 
(carrier  density  10“  cm“3).  Comparison  vltb  Fan's  theory  (Abstr.  8771  of 
1956)  gave  a  mean  effeotlve  hole  maBg  of  3*6  it  lO"^°g»  It  was  found  that 
Fan'a  relationnhlp  4  •-'X  3-  ^  ^  is  the  absorption  coefficient  and  X  is  the 

wavelength  of  infrared  radiation)  was  not  satisfied  1»  n»type  crystals  and  In 
highly  traneparent  p-type  erystale. 


23*  Vavilovj  V,  S,,  PlotnUcov,  A,  ?,  and  2a3{h,V8.tlft,  0.  V. 

Infra-red  absorption  of  high -resistivity 
silicon  with  radiation-lndueed  defects,  flZIKA 
TVERDOGO  TELA  v.  1,  n.  6,  p,  97^-978,  1959. 

(In  Russian).  SOVIET  PHYSICS-BOLID  STATE 
V,  1,  n.  6,  p.  39<+-895,  1959, 

The  absorption  coeff. ,  <  ,  In  the  A  range  l-lOp,  Were  determined  for  p-type 
Si  before  erd  after  irradiation  vith  fast  (-^1  MeV)  neutrons,  the  elect, 
resistivity  of  the  defect-free  and  irradiated  specimens  being  65  and  2  x  lo5 
fl,Om,  reep.  In  the  2*2-7-ii  range,  <1  of  the  irradiated  specimens  at  room 
temp.  was<  O.l/cm.  In  addn.  te  the  absorption  zone  (with  a  max.  at  1*8  ^  at 
room  temp,  and  at  1‘7  ^  at  20'^)  due  to  lattice  vibrations,  another  absorption 
2one  (with  6  innx.  at  9  p),  aseociated  with  the  presence  of  0,  was  observed’, 

2^-  Vatklns,  G.  D.,  Corbett,  J.  V.  and  McDonald,  R.  S. 

infrared  Studies  of  eleotron  Irradiated  silicon 

II.  BULli,  AM,  PhYS.  SOC.  V.  J,  Ser.  II, 
p.  26fA),  97  Jan  i960. 

The  annealing  of  the  band  produced  in  silicon  by  room  temperature 
Irradiation  with  I.5  mev  electrons  (see  6050)  was  discussed.  The  first  stage 

12 


LOCKHEED  AIRCRAFT  CORPORAlfON 


MISSILES  and  SPACE  DIVISION 


(Cont'd) 


i-77-6i-2/SB-6i-e^ 


(~300®C)  consists  Of  the  dlsafipearanc*  of  the  l2)x  baud  and  the  tenefgeftOe  of 
a  new  band  at  of  approvimately  the  same  intensity.  It  is  primarily  In 

this  stage  that  the  spin  resonance  center  anre&ls  and  electrical  properties 
recover.  It  Ig  elear^  however,  that  the  sample  has  nofbeen  rettaroed  to  its 
initial  state.  During  subsequent  higher  temperature  annealing  300®c),  the 
11. 3>*  band  disappears  and  a  succestlon  of  bands  between  11.3  and  9p-  band 
emerge  and  disappear.  EXitlng  the  second  stage  the  9^1  band  associated  with 
oxygen  In  its  original  state  Is  also  observed  to  diminish.  A  model  of  these 
annealing  stages  whleh  is  also  consistent  with  the  identifieatiOn  of  the 
1^  bend  ns  arising  from  an  oxygea  trapped  in  a  lattice  vacancy  was  presented. 


2^.  Vatkins,  G.  D.  and  Gorbett,  J.  W. 

DEFECTS  IN  lERADIAIED  SILICON  I,  ELECTRON 

SPIN  RESONANCE  OF  THE  Sl-A  CENTER.  General 

FleOtrlc  Research  Laboratory,  Electron  Physios 

Researchj  Metallurgy  and  Ceramics  Research, 

Schenectady,  Sew  York.  Report  no.  E30-RL* 

(2558E),  Oat  60,  l*8p.  Also  In  PHYSICAL 

REVIEW  V.  121,  n.  a,  p.  lOOl-lOlU,  I5  Feb  I96I. 

The  8i~A  center  is  a  major,  radiation -da-mage  defect  produced  in  "pulled'* 
silicon  by  a  room  temperature  irradiation.  As  a  result  of  studies  described 
In  this  report  (l)*  and  the  following  one  (II),  it  is  concluded  that  this 
center  is  a  lattice  vacancy  with  an  oxygen  atom  impurity  bridging  two  of  the 
four  broken  bonds  associated  with  the  vacancy.  Spin  resonance  and  electrical 
activity  arise  frOm  an  electron  rapped  in  the  other  two  bonds.  In  this 
report  (l),  the  spin  resonance  studies  are  described.  molecular  orbital 
treatment  of  the  trapped  electron  wave •function  satisfactorily  accounts  for 
the  observed  g-tensor,  as  well  as  the  h/perflne  interaction  observed  with 
neighboring  t.7  per  cent  abundant  S1^9  nuclei.  Study  Of  the  changes  in  the 
spectrum  of  a  sample  subjected  to  uniaxial  stress  are  also  described.  Under 
stress,  the  amplitudes  of  tht  individual  resonance  components  (which  correspond 
to  different  orientations  of  the  defect  iri  the  crystal)  are  observed  to  change. 
This  results  from  (l)  electronic  redistribution  of  the  trapped  electrons 
among  the  defects,  and  thermally  activated  reorientation  of  the  defects 
themselves  under  the  applied  stress-  These  two  effects  are  separated  and  a 
quantitative  study  of  their  magnitudes  and  signs,  as  well  as  their  rates,  is 
given.  The  results  confirm  many  of  the  Important  microscopic  features  of  the 
model. 
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GERMAIJIUM  AND  SILICON 

26.  Arizona  State  University,  Tempe,  Arizona 

RADIATION  EFFECTS  Ilf  SOLIDS  -  AN  INVESTIGATION 
OF  THE  BLBCTRICAL  AND  OPTICAL  PROPERTIES  OF 
SEMICONDUCTORS  AND  INSULATORS  WHICH  HAVB  BEEN 
IRRADIATED  BY  FAST  NEUTRONS.  Final  Report  AT 
(11-1)715*  Oct  60. 

This  study  Indicates  that  TlOp  can  receive  a  rather  large  exposure  to  fast 
bombardment  with  little  effect  on  eleetrical  conductivity*  The  results  of 
this  work  Indicate  that  an  exposure  of  approximately  10^'  fast  neutrons/cm3 
are  necessary  to  produce  a  noticeable  effect  in  the  resistivity  of  the 
reduced  samples* 

27«  Boltexi  A. 

Behavior  cf  semiconductor  and  magnetic 
materials  In  radiation  environment.  ELECTRICAL 
MANUFACTURING.  Mar  1959,  P*  90-95* 

Theoretic*!  and  experimental  behavior  of  several  semiconductor  and  magnetic 
materials  under  Irradiation.  Charts  and  graphs  are  presented  to  Illustrate 
results  obtained  under  specific  eon<iltic«>s .  Techniques  for  minimising 
radiation  effects  are  also  presented. 

28.  Crawford,  J«  H. ,  Jr. 

International  union  of  pure  and  applied 
solid  state  pajrslcs  In  electronics  and 
telecommiiaioations .  PROCEEDINGS  OF  THE 
CONFERENOT,  DRU3SEIS,  2-7  June  1958. 
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AffjffiSMIC  PBESS  V.  h:  MagrtetlO  aad 
optical  properties,  pt.  2,  p.  797-^^f 

i960. 

Tbfi  Influence  of  raAiatiOn-induceS  fiefeets  on  the  behaviour  Of  dlemond 
structured  semiconductors  and  devices. 


29.  Fan.  d.  Y.,  et  al 

Sia^ICONBUCTOR  SESEARCn.  Purdue  Reaeareh 
Foundation.  Lafayette,  Ind.  Quarterly 
rept.  no.  15.  Rept.  no.  FBJ*  1258.  1  Feb- 

30  4pr  60,  h3p.  (Contract  DA  36-039-80- 

71131) .  astta  AD-239  759. 

ELECTRICAL  AiJD  OPTICAL  PROPERTIESj  Investigation  of  lattlae  scattering 
mechanisms  in  p-type  gennaniuin  from  hot  carrier  studies*  Ihe  dependence  of 
jnobllit/  of  hot  carriers  on  carrier  conOentretiOa  and  crystal  orientation, 
Eleatrie  field  induced  hot  carrior  modulation  of  Infrared  radiation,  Effeat 
of  lithium  diffusion  on  impurity  conduction  in  elllooa,  Microwave  conductivity 
Of  semlconduotors,  and  Analysis  of  resistivity  In  810816  crystal  tellurium. 
IRRADIATION  EFFECTS:  Oxygen  dependent  absorption  bands  on  Irradiated  siliaon. 
Spin  resonance  in  neutron  Irradiated  silicon,  and  Paramagentlc  resonance 
Investigation  in  irradiated  sllleon.  LOW  TEMPERATURE  STUDIES:  Adiabatlo 
demagnutlsatien  cryostat  for  low  temperature  resistivity  measurements, 

Magnetic  susceptibility,  and  Transport  properties  of  germanium  at  lew 
temperatures.  GENERAI;  Choice  of  gauge  in  perturbation  theory.  Perfection 
of  silicon  crystals,  Silicon  single  crystals,  and  Dislocation  free  germanium 
crystals . 


30.  Fan,  H.  Y.  and  lark  HorovltZ,  K. 

IftRADlATlON  OF  SEMICONDUCTORS.  Purdue 
.  University  Department  of  Physics. 

27  Aug-7  Sep  56.  ^Contract  DA  36-039”SC- 
71131,  AT(ll-l)-125). 

Germanium  semiconductors  of  various  resistivities  and  carrier  Ooncentrations 
have  been  Irradiated  vlth  9-6  Mev  deuterons  t.5  Mev  polonium ^C-partlcles  and 
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^<•.5  Mev  electrons.  The  energy  level?  Introduaed  by  defects  have  been  determined 
from  the  removal  rate  of  carriers  as  a  function  of  the  Fermi  level  in  the 
semicond’J.ctors,  from  the  temperature  depen^enae  cf  Hall  coefficient  and 
resistivity  and  from  the  spectral  response  of  photoconductivity.  All  this 
information  leads  to  a  model  of  the  defects,  in  general  agreement  with  the 
conclusion  that  Interstitials  act  as  donors,  vacancies  act  as  acceptors,  and 
that  each  interstitial  and  each  vacancy  can  Introduce  several  levels. 

The  irradiation  of  silicon  with  neutrons,  as  well  as  with  eleotrons  and 
deuterons  indicates  that  starting  both  from  n-  and  p-type  material,  one 
obtains,  after  prolonged  irradiation,  intrinsic  material.  Whereas,  annealing 
in  irradiated  germanium  is  readily  observed  at  room  temperature,  large  annealing 
effects  are  observed  in  Irradiated  silicon  only  at  elevated  temperatures.  The 
hehavlor  of  the  irradiated  material  indicates  that  levels  are  introduced  close 
to  the  top  and  the  bottom  of  the  energy  gap. 


31.  Fan,  H.  Y.  and  Lark-Horovitz,  K. 

IRRADIATION  EFFECTS  IN  SE.MIC0NDUCT0RS . 

Purdue  University  Department  Of  Physios . 

June  57 • 

Seaicoflduotors  are  a  alass  of  material,  the  electronic  properties  of  vhloh 
are  most  sensitive  to  imperfaetlona  of  the  crystal  lattice.  This  Is 
evidenced  by  the  controlling  effect  of  small  amounts  of  chemical  Impurities 
which  are  one  type  of  lattice  imperfections.  Irradiation  by  high  energy 
particles  can  produce  therefore  radical  ohanges  in  the  properties  Of  a 
semicoaduator  by  creating  defects  In  the  crystal  lattice.  These  defects  may 
introduce  new  energy  levels.  Thus  tha  eleotrioal  aonductlvlty  of  a  semioonduotor 
may  change  by  orders  of  magnitude  as  a  result  of  irradiatloa,  whereas  In 
metals  the  changes  are  measured  in  percent.  Many  other  properties  are  likewise 
sensitive  to  Irradiation,  making  irradiation  effects  ia  semicondUctori  of 
interest. 


32,  Johnson,  V.  S.  and  Lark-HorOivltz,  1C, 

NEUTRON  IRRADIATION  OF  3«MI» CONDUCTORS. 

falrohild  JShgiae  and  Airplane  Corporation, 

Nepa  Division  Oak  Ridge,  Tennessee.  20  Oct 

High  Resistance  P  Type  Germaaium  Conductance  Versus  Time  of  Irradiation 
N  Type  Germanium  Samplai  Conductance  1  R  Versus  Time  of  Irradiatioa 
Raeistaoce  of  Low  Resistivity  N  Type  Sillcori  Plate  Versus  Time  of  Irradiation 
Resistance  of  High  Resistivity  P  Type  Silicon  Plate  Versus  Time  of  Irradiation 
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P  Typ9  Silicon  0"  Versus  l/x  After  tleutron  Bombardmsnt 

Resistaace  of  IN47  Rectifier  ’*?hen  The  Resistance  Is  Determitled  by  Spreading 
Resistance 

TorwaPd  Resistance  of  IN38  Crystal  Rectifier  Versus  Time  of  IrradlaUlea  ^ 

Poii*war4  &  Back  Resistance  of  IN?;3  Silicon  Crystal  Rectifier  Versus  Tiae  of  1 

Irradiation 


53.  Lord,  R.  G. 

iar  infrared  transmlssiOc  Of  siiican  an® 
germanium.  mSiCAt,  REVIfiW  v.  85,  Pt  l40-l4l, 


34,  Lue*,  T.  R. 

^Iftfrarel-tranfimisslsri  luiaterialB  Vould  he 
uoaff acted  by  radiation  la  fpftcet  RLECTRdIttC 
DECIGM  V.  8,  p.  74,  26  Oat  I960. 

Investigation  of  the  transmission  properties  Of  15  Infrared  optieel  meter lals 
exposed  to  three  levels  of  gamma  radiation  -  0.975  X  10^,  I.98  X  10®»  and 
1  at  10^  roentgens.  Results  are  presented  in  tabular  form . 


39.  Philipp, 'H.  E.  and  Taft,  E.  A. 

Optical  constants  ©f  geraanlua  aad  olliaon 
in  the  region  1  to  lOev.  BULiallN  CF  THE 
AfffiRICAN  PHYSICAL  SOCIETY,  Series  II,  v,  4, 
p.  27(A),  Jan  1959- 

Measurements  of  the  reflectance  of  single -Cryfltal  garaanlnm  and  silicon  in 
the  range  0.6  to  n.3ev  were  reported.  The  Hrainers-Kronlg  relation  was 
applied  to  this  spectrujri  and  the'  real  ftnd  imaginary  parts  Of  the  aon®ilex  index 
of  refraction,  n  and  K,  were  determined.  The  rasults  for  germanium  agree 
with  the  recent  mea.surements  Of  Archer  and  extend  hie  Values  h«yond  3.5ev. 
Pronounced  structure  Is  observed  i|j  both  germanium  and  silicon  in  the  vicinity 
of  4.5ev..  The  extinction  coefficient  rises  to  a  peek  dear  this  energy.  At 
80°K,  the  peak  sharpens  and  shifts  toward  higher  energy.  The  strength  of 
this  absorption  should  be  useful  in  testing  and  refining  band  structure 
calculations.  Based  on  the  Frohllck-Pelyer  criterion,  which  is  applicable  to 
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non«J!J!etals,  no  evlSenfte  Sex?  plas«a  «ecliJ.ati(ins  was  feundt  Discrete  energy 
losses  hftVe  bdca  dbservdd  at  higher  energy^  and  It  would  he  cf  considerable 
Interest  ta  extend  the  Present  data  to  that  range. 


36.  Purdue  Resaaroh  Foujadation,  lafayette^  Jnd. 

Eepti  no.  PRF  1258.  Pinal  reft.  1  Jtily  5^- 
30  3«p  60,  ^7p»  (Coatreet  DA  36-0^-5o-7il3l)> 
ASIIA  056, 


Conteats } 

Hot  carrier  etudles 
Surfaee  etudlee 

Impurity  conduction 
Optioei  properties 
Magnetic  properties 
Specific  heat 

Thermal  conductivity  and  therinoeleotrie  power 
Irradiation  effects 

Crystal  growth  and  structure  Investigation 
Theory 


37*  Purdue  University  Department  of  Physics 

SBMICOHDUCJTOR  RE^AHCH  FIF13  QVARJERMf 
RfiPOai  1  July  57-30  Sep  57.  (Contract 
CA  36*039-60-71131). 

Preparation  Of  Materials 

Preparation  and  Analysis  of  Bulk  Semieendtictors^  Roth^  L. 

Growing  of  Silicon  Single  Crystals.  Klose,  P. 

Theoretical  Problems 

Level  Density  Functions  in  Dieordered  One-Dimensional  Crystals.  James*  H.  M. 
Optical  Properties 

The  Absorption  of  Gerraenlum  and  Tellurium  at  Long  Wavelength.  Pisher,  P. 

’  and  Fan,  h#  Y. 

Infrared  Absorption  in  lellurium.  Caldwell,  R.  S.  and  Fan  H.  Y. 
low  Temperature  Problems 

Apparatus  for  Measuring  Specific  Heat  down  tO  0.k®lC  Using  A  Bath  of  He^. 
Seidel,  G.  and  KeeSon,  P»  H. 

SiactriCal  Measurements  of  Silicon  at  Low  Temperature.  Ray,  R.  K., 

Longo,  T.  and  Lark-Horovitz*  K. 

Param&gaetic  Resonance 
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Paramagnetic  Resonance  In  Itradiated  Silicon^  Nisenoff,  M.  and  Pan,  H.  Y. 
Electrical  Properties, 

Electrical  Properties  of  High  Resistivity  Silicon.  Wang,  E.  Y.  and  Longo, 

T.  A. 

Surface  Photoconductive  Effects.  Cunningham,  R.  V.  and  Bray,  R. 

Bombardment  Experiments 

Alpha-Partiflle  Irradiation  of  Ge  at  4.2°K.  Gobell,  G.  W.  and  Lark-Horovltz, 

K. 

Changes  in  Mobility  of  Charged  Carriers  Produced  by  Deuteron  Irradiation 
of  Silicon.  Longo,  T.  A. 


38,  Purdue  Research  Foundation 

SEMICONDUCTOR  RESEARCH.  QPR  no.  6,  Dec  52. 

(DA-039-ecl5339).  ASTIA  AD  3377* 

The  infrared  spectrum  exhibits  a  group  of  absorption  bands  vhich  have  been 
present  in  all  samples  examined.  In  silicon  vhich  showed  similar  absorption 
bands,  nucleon  bembard.ment  failed  to  change  the  absorption  bands  In  either 
magnitude  or  position.  The  absorption  in  Ge  were  taken  using  samples  from 
several  different  melts  of  high  purity  material.  In  all  aases  the  results 
were  the  same  as  given  in  QPR  no.  3.  In  samples  of  resistivity  from 
ohm-cm  the  lattice  component  is  unaffected. 


39.  Purdue  University  Department  of  Physics 

SEMICONDUCTOR  RESEARCH  SIXTH  QUARTERSSr 

REPORT.  1  Oct  57-31  Dea  57*  (Contract 

DA  36-039-BC-71131). 

Prepdiatioc  and  Analysis  of  Materials 

Prepaiation  of  Germanium  and  Compound  Single  Crystals.  Roth,  L._ 

Growing  of  Silicon  Single  Crystals*  Klose,  ?.  H.  and  van  der  Aa‘,  J.  W.  D. 
Double  Crystal  X-ray  Spectrometer*  Yeerian,  H.  J. 

Optical  Properties 

Effect  of  Irradiation  on  Infrared  Absorption  In  SlUeoa*  Ramdas,  A.  K. 
and  Fan,  H.  Y. 

Low  Temperature  Problems 

The  Specific  Heat  of  Zinc  in  The  Normal  and  Superconducting  States. 

Keesom,  P.  H.  and  Seidel,  G. 

Magnetic  Susceptibility.  Gerritsen,  A*  !I*  and  Damon,  D*  H* 

Paramagnetic  Resonance  In  Irradiated  Sllleon*  NlsenOff,  M.  and  Fan,  H,  Y* 
Low  Temperature  Specifio  Heat  Of  Molybdenum  ALloya*  Bryant,  C.  A,  and 
Keesom,  P.  H. 
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ffraas^rt  Properties  of  Gewnanitim  at  Low  Temperatures.  Qoff,  J*  F.  and 
Pearlman,  N. 

Eleotrioal  Properties  of  Silicon  at  Low  Temperature*  Ray,  R.  K.,  Longo, 

T.  A.  and  tark-Horovitz,  K. 

Annealing  of  Germanium  Following  Alpha-Particle  Irradiation  at 
Oobell,  G.  W.,  Fan,  H.  Y.  and  Lark-Horovltz,  K. 

Surface  Properties 

Surface  Sensitive  Conduotance  of  High  Resistivity  Silicon.  Vang,  E.  Y. 
and  Longo,  I.  A. 

flail  Effect  Meastirement  at  High  Electria  Field.  Brown,  D.  and  Bray,  R, 

Spectral  Dependence  of  Surface  Photoconductivity  in  Ge.  Cunningham,  R.  W, 
and  Bray,  R* 

Ilf).  Purdue  Researoh  Foundation 

« 

SEMICONDCCTCR  RESEAROH.  ^  no.  9,  Sep  53. 

(Contract  DA-36«039-Be  632&2)»  ASlXA 
AB-lt3  SI**. 

A  summary  of  test  results  for  this  period  ean  be  found  in  the  Summary  Report 

dated  1  July  51-1  JtOy  54 1  SVMMm  OP  SEMICOHDUCTOR  RESEARCH, 


4l.  Purdue  University  Department  of  Physios 

SEMICOiimCTOR  RESEARCH  TENTH  QUARTERLY 
REPORT.  1  Nov  58-31  Jan  59*  (SOntraat 
DA  36-039-60-71131). 

Thermal  Capture  of  Electrons  by  Vacancies.  Paranjape,  B.  V. 

Preparation  of  Semiconductor  Crystals.  Roth,  L. 

Photoconductivity  and  Sweepout  for  Case  of  Majority  Carrier  Trapping.  Bray,  R. 
Bulk  Conductivity  at  High  Electric  Field.  Brown,  D.  and  Bray,  R. 

Impurity  Conduction  in  Silicon.  Ray,  R.  K.  and  Fan,  H.  Y, 

Transport  Properties  of  Germanium  at  Low  Temperatures.  Goff,  J.  F.  and 
Pearlraan,  N. 

Impurity  Photoconductivity  in  Germanium.  MeConville,  G.  T.  and  Fan,  H»  Y. 
Infrared  Absorption  in  Irradiated  Silicon.  Ramdas,  A.  K.  and  Fan,  H.  Y, 
Paramagnetic  Resonance  in  Neutron-Irradiated  Silicon.  Nlsenoff,  M.  amd  Fan, 

H.  Y.  with  Appendix  by  Wun  Jung 
Magnetic  Susceptibility.  Damon,  D.  H.  and  Gerritsen,  A.  N. 

Anomaly  in  the  Specific  Heat  of  Rhenium.  Bryant,  C.  A.  and  Keesom,  P,  H. 
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U2.  Purdue  Ualversity#  Uesit.  Of  ^liysios 

SEMICONOJCTOR  RESEARCH,  Final  Report* 

1  July  5^-30  June  56.  (Coatraat  DA 
36-039-0063^22). 

Infrared  absorption  in  n-type  Germanltun. 

The  investigation  was  darried  out  at  different  temperature#  and  frem  5-30 
microns.  The  results  indicate  that  at  high  temperatures  the  lattice  soatterlcg 
becomes  importaat  for  the  absorption. 

Infrared  aisorptlon  in  n-type  silicon. 

The  magnitude  of  the  absorption  increases  with  the  oonduotlvlty  of  the  sample. 
Measurements  have  also  bean  made  at  liquid  nitrogen  and  liquid  helium 
temperatures.  The  band  remains  the  sane.  Ihe  results  suggest  that  the 
absorption  band  corresponds  to  exaltation  of  aonductlon  eleatrons  or  eleotroos 
on  donor  impurities  to  higher  energy  hands. 


U3.  Purdue  University,  Dept,  of  Physlas, 

SUMMARY  OF  SEMICONDUCTOR  RESBAIUJH.  1  July 
51-1  July  (Contract  DA-36-O39-BC  15339). 

Jnfreired  lattice  absorption  bands  in  germanium,  silicon. 

Infrared  absorption  bands  characterlstlos  of  the  crystal  lattice  were  Investigated 
for  germanium  and  silieoa.  The  absorption  was  found  to  be  insensitiv#  to 
lattice  imoerfeotlons  due  to  impurities  (vio^®cm"3)  and  due  to  disorders 
(/%»10l'^cm"3)  produced  by  nucleon  Irradiation. 


^4,  Raytheon  Manufacturing  Company  Research 

Division,  WalthEim,  Massachusetts.  STUDY 
OF  SEMICONDUCTOR  MATERIALS  AND  DEVICES. 

Final  Report.  Index  No.  Ne-110U58-Subta8k 
4.  1  Oct  55-30  June  57*  (Contract 

NOb3r-72537) 

Includes  detailed  discussion  of  work  done  during  the  Seventh  Quarter,  1  Apr 
57-30  June  57. 
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DETAIL  i’ACTUAL  DATA 

The  Behavior  of  Oxygen  in  Plastlesll^  Deformed  Sllicoa 

Optical  Studies  oa  flllteon  In  the  Infrared 

X-Ray  Measurements  of  Cryetal  Perfection  in  Silicon 

Dislocations  in  Sllieon 

Lifetime  Measureaenta  and  iipparatus 

Semiconductor  Surface  Studies 

Positive  Ion  Bombardmeat  of  Germanium  ctncL  Silicon 

Space-Charge  Widening  as  a  Fionction  of  Collector  filas  for  “Diffused  Junction 
Error  in  the  Measurement  and  Calculation  of  Surfaae  Concentration 
Diffusion  Studies 

Silicon  High-Prequency  Transistors 
Silicon  Power  Transistors 

High-Fre^uancy  Semiconductor  Devioes  Utilizing  the  Injection  of  Carriers  into 
Space -Charge  Regions 


45.  Shaw,  C.  C.  and  Krog8tad>  R*  S. 

NUCLEAR  RADIATION  EFFECIS  OH  INFRARED 
MATERIALS  AND  COMPONENIS#  PART  I.  EFFECIS 
OF  OAMMA  RADIAIION  OS  liffPARED  TRA1T3MIT1INO 
MATERIALS  AND  FILTERS,  neotronlcs 
Division  Researoh  and  Devefopnent  Branoh# 

Lockheed  Missile  Systems  Division#  Palo  AltO, 
California.  I6  J\lne  58>  20p# 

Results  of  a  survey  of  oobalt-60  gamma  radiation  effects  on  the  optical 
properties  of  a  number  of  infrared  transmitting  materials  and  filters  are 
presented. 

This  stuidy  ahows  that,  with  few  exoeptleas#  the  materials  and  filters  are 
insensltire  tO  gamma  radiation  at  a  dosage  level  of  10'  roentgens  or  more. 


46.  flhllliday,  I.  S. 

Optical  effects  in  semlconduotOrs. 

BATTELLE  TOCHNICAl  REVIEW  v.  8,  a.  9, 
p.  7-13>  Sep  1959. 

The  author  centers  his  discussion  on  the  infrared  region  of  the  electromagnetic 
speotrum.  He  describes  the  effects  of  radiation  upon  semiconductor  devices, 
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discusses  the  devices  of  Interest  ia  the  area,  and  points  out  how  the  phenomena 
of  l*a4iation  are  used  In  soltd-eoate  research  and  in  technology. 


U7.  Signal  Corps  Engineering  Laboratories, 

Fort  Monmouth,  N.  J.  A  SURVEY  OP  THE 
NUCLEAR  RADIATION  EFFECTS  ON  SEMICONEUCTOR 
’  MATERIALS  AND  DEVICES.  Technical  Memorandum 

NR.  M-1902.  1  June  57* 

This  report  discusses  some  of  the  presently  available  Information  on  the 
effects  of  radiation  (primarily  neutron  and  gamma  radiation)  on  semleonduotor 
materials  and  devices.  Discrepancies  in  some  of  the  results  obtained  are 
indicated,  and  suggestions  are  made  for  further  experimentation. 


46,  Spltzer,  W.  G. 

INFRARED  PROPERTIES  OF  SEMICONDUCTORS, 
Department  of  Pliysics,  Purdue  University, 
June  57*  ASTIA  AD-142  6i3. 


Abstract 

Introduction 

Experimental  Equipment  and  Proaedures 
Monochromators 
Absorption  Cells 
Sample  Preparation 
Sample  Thickness  Determination 
Technique  of  Measurement 

Intrinsic  Absorption  Edge  in  Germanium  and  Silicon 
Spestrai  Shape 
Introduction 

EjtperimentaJ.  Measurements  » 

Discussion 

Germanium 

Silicon 

Presstire  Dependence 
Introduotlon 
Experimental  Method 
Results  and  Discussion 
Germanium 
Silicon 

Effect  of  Impurities 
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Carrier  Absorption  lb  N-I^yp®  Oerntemium 
Introduction 

Experimentai  Measuremenbe 
Discussion  of  Results 
Absorption  in  Silicon 
P*5^e  Silicon 
N-iype  Silicon 
Plastically  Pure  Silicon 
Absorption  and  Reflectivity  of  Indium  Antlmonlde 
Introduction 

Experimental  Measoremeats 
Discussion  of  Results 
from  5  to  35  ndcron 
Prom  35  to  §0  micron 
Beyond  90  Micron 

Determination  of  Optical  Constants  and  CJarfler  Eff  ctive  Mass  of  Sem±«ond’*ctjrB 
Introduction 
Theory 

filectric  Susceptibility,  Conductivity,  and  Effective  Mass  of  Free  Carriers 
Electric  Susceptibility  D’Ue  to  Interband  Transitions 
&{perimental  Method 
Results  and  Discussion 
N-Typ®  Oermaniinn 
P-Iype  Germanium 
N-Iype  and  P-Type  Silicon 
P-iype  Indium  Antimonlde 
N-iype  Indium  Antimonlde 
Indium  Arsenide 

Bibliography 

Appendix 

ItJ  4. 

V  X  uS. 

Figure  Legends 


^9*  Steel,  H.  and  Owen,  D. 

EFFECTS  OF  RADIATION  ON  LEAD  SULFIDE 
INFRARED  DETECTORS  AND  INFRARED  OPTICS. 

Boeing  Airplane  Company,  Seattle  Division. 

Paper  Presented  at  the  Pnd  Semi  -  Ajtrmal  Weapons 
System  Radiation  Effect  Symposium  at  Battelle 
Memorial  Institute.  22-23  Oct  57» 

A  dose  of  2xl0^r  Is  sufficient  to  cause  serious  changes  In  the  visible  part’ 
of  the  spectrum.  There  is  however,  lack  of  change  in  the  IR.  It  has  been 
_  determined  that  10  nvt  doses  were  necessary  to  produce  5  to  lOJ^  Changes  In 
transmission  in  silicon  and  germanium. 
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SItICA 

fiee  Also  Oltatloo  nO. 

5O.  iconic,  G.  S« 

THE  COLORATION  OF  OPTICAL  MATERIALS  BY 
high  energy  RADIATIONO,  University  of 
Chiflago,  Argonne  National  Laboratory.  ANL- 

*^336,  31  Julj'  50. 

The  coloration  by  irradiation  of  fluoride,  calcite,  and  Polaroid  crystals 
aod  of  sillQa,  load,  aad  other  optical  glasses  are  discussed. 


51.  Week3|  R«  A.  and  N®lson»  C.  M» 

Trapped  electrons  In  irradiated  quartz  and 
silisa:  II.  Electron  spin  resonance. 

JOURNAL  OF  THE  AJ4ER1CAN  CERAMIC  SOCIETY 
V.  1+3,  u,  8,  p»  399-A04,  1  Aug  60» 

The  oorrelatlon  of  two  paraaagnetie  defeats*  observed  by  the  eleetron  spin 
resonance  (ESE)  technique,  with  tvo  optical  absorption  bands  produced  by 
y  -ray  or  neutron  Irradiation  is  Indioated.  The  peaks  of  tbe  two  absorption 
bands  fall  at<^2100  a.u.  of  23OO  a.n. 
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FUSED  SILICA 

525  Arnold,  G.  W.  and  Compton,  D. 

Radiation  effects  in  silica  at  low  temperature 
PHYSICAL  REVIEW  v.  II6,  n.  4,  Ser.  2, 
p.  802-811,  15  Nov  1959* 

Optical  absorption  bauds  induced  in  fused  silica  and  crystalline  flf -  quartz 
of  low  impurity  content  at  77®K  by  fast  electrons  of  X-rays  bleach  slowly 
at  room  temperature.  The  presence  of  OH-  Ions  in  fused  silica  Inhibits  the 
formation  of  such  radiation -induced  absorption. 

53.  Gale,  A.  J.  and  Bickford,  F.  A* 

Radiation-resistant  fused  stliea*  NUCLEONICS 
V.  11,  n.  8,  p,  48,  Aug  1953* 

Tests  carried  out  at  High  Voltage  Engineeriog  Corporation  on  insulating 
materials  for  accelerator  tubes  Include  high-energy  electron  bombardment  of 
materials,  mainly  glasses,  proposed  ©r  Intended  for  this  use, 

54.  Levy,  Paul  V. 

Reactor  aud  gamma  ray  induced  coloring  in 

Corning  Fused  silica.  BULLETIN  OF  THE  AMERICAN 

PHYSICAL  SXIEW  V.  30,  n.  2,  p.  18,  17  Mar  1955. 

The  coloring  Induced  by  gamma  ray  and  reactor  radiations  in  fused  sliicas 
from  various  manufacturers  and  la  Brazi Ilian  erystalllne  quartz  has  been 
studied  by  optical  tranamlsslcn  jneasuremente  in  the  region  2000  A  tO  1  micron. 
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55*  P*  V. 

Reactor  anfl  gamma  ray  Induced  eolorin^ 
in  Corning  fused  silica  (Abstraet  of 
meeting)  HIYSICAL  REVIEW  v.  93,  n.  5, 
p.  15>+lj  1  June  1955. 

The  coloring  Induced  by  gamma  ray  and  reactor  radiations  in  fused  silica 
from  various  manufactures  and  in  Brazilian  crystalline  quartz  has  be*en  studied 
by  optical  transmission  measurements  in  the  region  2000  A  to  1  micron.  Coming 
purified  fused  silica  shown  practically  no  gam»a  ray  oolorlng  while  reactor 
Irradlaton  produces  a  strong  band  at  2l80  A,  a  vesiic  band  at  2k20  A,  and  very 
slight  coloring  in  the  visible. 


56.  Levy,  P.  V, 

Reactor  and  gamma-ray  induced  coloring  of 

Corning  fused  silica.  J.  PHYS.  CHEM  .SOLIDS 

e 

V.  13,  n.  3-4,  p,  287-95»  June  i960. 

When  crystalline  quartz,  fused  silica  and  many  other  substances  are  subject 
to  reactor  or  gamma-ray  radiations  the  samples  develop  optical  absorption 
bands  in  the  region  0.2-1  p.  Usually,  there  are  many  broad  bands  which 
develop  and  resolution  of  the  observed  spectrum  Into  the  component  bands  is 
difficult.  Corning  fused  silica  is  coloured  less  than  alj,  of  the  .materials 
studied  and  the  observed  spectrum  can  be  resolved  into  Its  components  by 
properl,y  utilizing  the  variations  in  the  relative  absorption  of  the  different 
bands  created  by  changing  the  irradiation  conditions.  The  most  Intense  band 
is  aear  5*75  eV  (218  myi)  and  there  is  a  smaller  One  at  5*0^  eV  (542  mp)  when 
the  sample  is  irradiated  in  the  reactor  at  70°C.  The  5*05  eV  band  has, 
relative  to  th«  5. 75  eV  band,  low  intensity  whea  the  reactor  irradiation  is 
at  170°C  but  Is  much  stronger  when  the  irradiation  is  at  liquid  nitrogen 
temperature*  Also,  the  peak  of  the  5*74  eV  band  shifts  slightly  with  irradiation 
temperature.  The  band  at  5.O5  eV,  whleh  can  be  separated  from  the  other  hands 
without  assuming  a  shape  for  It,  is  well  fitted  by  a  Oaussiah  curve  and  it  Is 
assumed  that  all  other  bands  are  similarly  shaped.  When  a  se-mple  originally 
coloured  in  the  reactor  is  subsequently  subjected  to  gamma-rays,  addltiopal 
absorption  bands  appear  and  their  intensity  Is  proportional  to  both  the 
reactor  and  gamma-ray  exposures.  In  all,  new  bands  at  approximately  5»9, 

4.9,  2.0  and  *'6*1  eV  (£23,  278,  629  and  1^0  myi,  respectively)  are  present 
with  indications  of  four  others. 
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57.  Nelson,  C.  M,  and  Cravford,  J.  H.,  Jr. 

Optical  absorption  In  Irradiated  quartz 

and  fused  silica.  J.  PHYS.  CHEM.  SOLIDS 

V.  13,  n.  3“^>  p.  296-305)  June  i960. 

Optical  absorption  studies  over  the  range  from  I85O  to  26000  A  have- been 
performed  on  crysta511ne  quartz  and  fused  silica  after  exposure  to  both  fast 
neutrons  In  the  reactor  and  Go®®  y-rays.  The  prominent  band  near  215O  A  is 
produced  by  “y-rays  and  neutrons  In  fused  silica  but  fast  neutron  exposures 
in  excess  of  5  x  10^°  are  necessary  to  cause  appreciable  development  of 
the  corresponding  band  in  crystalline  quartz.  With  shorter  neutron  exposures 
and  y-rays  the  absorption  in  quartz  crystals  Is  characterized  by  the  broad 
visible  bands  and  continuous  absorption  which  rises  almost  linearly  toward 
shorter  wavelength  below  3000  A.  This  continuous  absorption  probably 
eorresponds  to  the  long  wavelength  tail  of  one  of  the  bands  observed  by  Mitchell 
and  Paige  in  the  vacuum  ultraviolet  region.  These  results  do  not  seem  to  agree 
with  their  interpretation  of  the  nature  of  the  2200  A  band  in  quartz.  On 
annealing  neutroa*irradiated  quartz  (5  x  10^“  neutrons/cm^)  at  250°C  &  hew 
band  at  2000  A  develops.  In  fused  siliea,  besides  the  215O  A  band,  the 
shoulder  at  2400  A  (resolved  by  appropriate  optical  bleaching  as  a  beind  at 
2j70  a)  which  has  previously  been  reported,  was  observed  with  both  /-rays 
and  fast  neutrons.  The  rates  of  coloration  of  quartz  and  fused  silica  as 
well  as  studies  of  optical  and  thermal  bleaching  are  discussed.  In  the 
fused  materials  a  mechanism  of  photolytic  coloration  which  appears  to  be 
consistent  with  observations  provides  a  suitable  model  which  is  based  on  the 
rupture  of  Si-O  bonds  with  the  formation  of  free  radicals  as  the  principal 
product.  These  and  other  possible  defects  are  discussed  in  the  light  of 
magnetic  susceptibility  and  electron  spin  resonance  studies. 


58,  rTelson,  C.  M.  and  Crawford,  J.  H.,  Jr. 

OPTICAL  ABSORPT’ION  IN  IRRADIATED  QUARTZ 
Alffi  FUSED  SILICA.  Proceedings  of  Conference 
on  Defect  Structures  of  Quartz  and  Glassy 
Silicas,  Book,  John  Wiley  and  Eons. 

The  work  described  here  was  initiated  in  an  attempt  .to  learn  more  about  the 
cheBieel  and  electronic  effects  that  must  accompany  the  loss  of  struqtute 
in  quartz  aftar  prolonged  neutron  irreuiiatlon.  To  this  end,-  meaeurettentB 
of  optical  absorption  spectra,  paramagnetic  resonance,  and  magnetic 
susceptibility  on  various  forms  of  silica  as  a  function  of  neutron  and  gamma- 
ray  exposure  were  udertaken.  The  present  paper  may  be  coneldered  a  progress 
report  on  the  optical  portion  of  this  work.  Included  here  Is  a  summary  of 
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the  rate  of  colcration  with  both  gamma  rays  and  neutrons,  the  optical  and 
thermal  bleaching  behavior  and  the  effect  of  previous  bombardment  on  the 
susceptibility  of  fused  silica  to  gamma -ray  coloration. 

Equipment  and  methods  for  producing  radiophotoluminescent  glass  at  a  rate  of 
5,000  pieces  of  specified  dimensions  per  day  were  developed.  The  radiophoto¬ 
luminescent  glass  is  the  sensitive  element  in  the  DT-60  (  )  PD  Radlac  Detector 
as  speoifled  in  Interim  Military  Specifieation  MIL-D-16153C  (SHIPS).  This 
element  is  capable  of  Indicating  an  accumulative  dosage  of  X-  and  gamma 
radiation  over  a  range  from  0  to  600  roentgens.  The  glass  is  made  in  this 
program,  as  represented  by  melt  number  E-9S8O,  successfully  meets  the 
requirements  of  specification  MIL-D'-l6l53C  (SHIPS)  to  the  limits  that  it  was 
tested. 
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VITREOUS  SILICA 


59*  Simon,  I. 

Structure  of  neutron-irradiated  quartz  and 

■?ltreou5  silica.  JOURNAL  OF  THE  AMERICAN 

CERAMIC  SOCIETY  v.  i^O,  n.  6,  p.  150-153,  June  I957. 

The  structure  of  quartz  and  vitreous  silica  disordered  by  heavy  irradiation 
(lO^O  neutrons/ciii  )  of  fast  neutrons  was  studied  by  means  of  X-ray  diffraction 
and  infrared  speetroscopy .  The  results  indicate  that  the  structure  of  the 
disordered  amorphous  form  of  silica  resemblpn  closely  that  of  vitreous  silica. 

It  is  suggested  that  the  disordered  form  of  silica  results  from  thermal  effects 
(thermal  spikes)  accompanying  the  passage  of  knocked-on  atoms  through  the  solid. 


60.  Primak,  W. 

Fast-neutron-induced  changes  in  quartz  and 
vitreous  silica.  PHYSICAL  REVIEW  v.  110, 
n.  6,  p.  1240-1254,  15  June  1958. 

The  course  of  Sihe  changes  produced  by  exposure  In  nuclear  reactors  and  the 
subsequent  alteration  of  the  radiation-'' r'lnced  property  ohenges  caused  by 
heating  were  followed  by  measuring  the  dilatation,  refractive  index,  rotatory 
power  and  birefringence. 


61.  Primak,  W.  and  Uphaus,  R.  A, 

,  Fast  neutron  induced  luminescence  in  vitreous 

silica  and  quartz.  JOURNAL  OF  CHEMICAL  PHYSICS 
V.  29,  n.  4,  p.  972-973,  Oct  1958. 

An  attempt  to  measure  li^t  scattering  by  vitreous  silica  and  quartz  which  had 
been  exposed  In  a  nuclear  reactor  proved  un-successful  because  of  the  appearance 
of  a  reddish  luminescence  much  more  intense  than  the  scattered  light.  Since 
no  reports  of  a  red  luminescence  could  be  found,  it  was  studied  further. 
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GLASSES 

See  Also  Citation  no.  5I,  55 


62.  Best,  J.  V.  F. 

THE  COLOURATION  OF  SOME  OPTICAL  GLASSES 

BY  X-  AND  GAMMA  RADIATION.  Atomic  Energy 

Research  Estahlishment,  Harwell,  England. 

A.E.R.E.  C/R  1125.  10  Mar  53-  ASTIA  AD-11  678. 

Samples  of  optical  and  other  glasses  have  been  subjected  to  large  doses  of  X- 
and  gamma  rays  and  their  i«al stance  to  colouration  studied.  Optical  glasses 
are  more  prone  to  colouration  than  plate  glass  and  the  borosiltcate  compositions 
used  for  chemical  glassware.  Perspex,  polystyrene  and  two  European  glasses 
containing  small  amounts  of  cerium  are  very  resistant  to  colouration.  A 
brief  summary  of  recent  American  experience  in  this  field  is  appended. 


63.  Colp,  J.  L.  and  V/oodall,  H.  M. 

Eii'ects  Ox  high  neutron  and  gamma  fluxes  on 
transmission  chara.cterlfftics  of  soma  optical 
glasses.  Paper  presegted  at  thy  List  AnnWal 
Meeting,  SYMPOSIUM  ON  RADIATION  EFFECTS  ON 
MATERIALS,  Boston  Massachusetts,  2%  June 
vol.  3,  ASTM  Special  Technical  Publication  , 

No.  233»  p.  156-163. 

Specimens  of  several  types  of  optical  glass  most  of  which  Vere  of  the  radiation- 
tolerant  type  were  exposed  to  gamma  radiation  levels  of  10°,  lO',  and  10°  r 
in  the  Sandla  kllocurie  cobalt-6o  facility. 

Exposures  of  10^6  j.  vere  made  at  the  Materials  Testing  Reactor  gamma  facility. 
Exposures  to  mixed  reactor  radiation  (gamma  and  neutron)  were  also  made  at 
the  Materials  Testing  Reactor. 


31 


LOCKHEED  AIRCRAFT  CORPORATION 


MISSILES  and  SPACE  DIVISION 


63.  (Cont'd) 


3.77-6I-2/SD-61..25 


The  light  transmiSBion  properties  of  the  glass  specimens  were  measvired  before 
and  immediately  after  exposure  to  radiation. 

6U.  Ferguson,  K.  R. 

Optical  absorption  bands  induced  in  gamma 
irradiated  glass  (Abstract  of  meeting) 

PHYSICAL  REVIEy  v.  98,  n.  5^  P-  15^2, 

1  June  1955. 

The  formation  of  optical  absorption  bands  in  glasses  exposed  to  C0-6O  gamma 
rays  has  been  observed. 


65.  Kaaen,  D.  and  Relffel,  L. 

RADIATION  sensitive:  GLASSES.  Armour  Research 

Foundation,  Chicago,  Illinois,  Quarterly 

Report  No.  h.  REIC  No.  5906,  1  Mar»l  June  53* 

(Contract  DA  36-O39-SC-I5528) .  ASTIA  AP-I6  I50. 

Validity  of  the  "ordering"  hypothesis  has  been  strengthened  by  a  repetition 
of  the  heat  treatment  and  X-ray  diffraction  studies  of  K'48  glass.  The 
observation  of  reversal  to  the  strength  of  the  two  X-ray  lines  in  a  single 
piece  of  glass  In  a  similar  manner  of  that  prevl  niisly  observed  in  two  GOjjarate 
samples  rules  out  composition  differences  as  a  factor.  Irradiation  experiments 
performed  with  a  series  of  BC-2  glasses  indicate  that  effects  similar  to  those 
produced  by  heat  treatment  can  be  produced  by  a  reduction  in  the  alkali  Ion 
content  of  barium  crown  glasses. 


66. 


KreldJ,  N.  J.  and  Hensler,  J.  R. 


Gamma  radiation  insensitive  optical  glasses. 

JOURNAL  OF  OPl’ICAL  SOCIETY  OF  AMERICA  v»  hj, 
n.  1,  p.  73-75,  Jan  1957. 

Specially  developed  optical  glasses  maintain  their  transparency  under 
exposures  up  to  10^  roentgens  cobalt-60  gamma  radiation,  and  are  usable  at 
5  X  10^  roentgens.  Ordinary  optical  glass  colors  at  10^  roentgens  or  less  and 
is  nearly  useless  at  10°  roentgens. 
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67.  Kreldl,  N.  J. 

.  SOME  EXPERIMEIhTS  ON  THE  INTERACTION  OF 

GLASS  WITH  HIGH  ENERGY  RADIATION,  Bausch 
and  Lomb  Optical  Company.  NYO-3779*  1  Deo  53. 

(Contxact  AT-30«1»1312). 

A  number  of  experiments  dealing  witja  the  effects  o£  radiation  on  optical 
glass  are  summarized. 

£8.  Kxeldl,  N.  J.  and  Blair,  G.  £, 

IRRADIATION  DAMAGE  TO  GLASS,  Bausch  and 
Lomb  Optical  Company,  Rochester,  UeV  York. 

NYO-3782.  21  Mar  55.  (Contract  AT (30-1% 

1312).  ASTIA  AD-6h  301. 

A  system  of  high-level  dosimetry  (of  high-energy  radiation)  utilizes  the 
absorption  changes  In  glasses  measured  on  a  suitable  spectrophotometer.  , 
Calthratlon  has  been  accompiishod  over  the  range  of  I.5  x  10^  to  h.l  x  10°  rep. 


65.  Mayer,  G.  and  Gueron,  J. 

.  Nineties  of  the  bleaching  of  glasses  colored 
by  irradiation  In  the  ctiatlllon  pile.  THE 
GLASS  INDUSTRY  v.  34,  n.  3,  P.  127-131, 

158-159,  Mar  1953. 

Samples  of  glass  and  silica  were  colored  by  irradiation  in  the  Chatillon  pile. 
The  absorption  spectra  of  the  irradiated  samples  were  studied  between  200 
and  2000 

V/lth  the  aid  of  the  theories  on  alkali  halides,  the  interpretation  of  the 
ntunerioal  values  obtained  for  absolute  rates  of  reaction,  for  experimental 
activation  energies  and  orders  of  reaction,  was  also  attempted. 
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70.  Reiffel,  L.  and  Humphreys,  R.  F. 

RADIATION  SENSITIVE  GLASSES.  Armour  Research 
Foundation,  Chicago,  Illinois.  Quarterly 
Progress  Report  No.  3*  10  Mar  53*  (Contract 

DA- 36 -039 -SC -15 528).  ASTIA  AD  9^26. 

Work  during  the  period  of  this  report  has  established  some  of  the  oharacteristics 
of  radiation  induced  color  centers,  particularly  with  regard  to  stability  and 
absorption  characteristics.  Work  on  the  energy  transfer  mechanism  particularly 
as  a  function  of  temperature  is  still  ambiguous.  "High  temperature"  glasses 
seem  to  exhibit  more  appreciable  radiation  sensitivity. 


71.  Reynolds,  R.  L. 

TRANSPARENCY  TO  FAR  INFRARED.  General 
Electrie  Company,  Hanford  Atomic  Products 
Operation,  Norunetallic  Materials  Development 
Operation.  HW-39536.  15  Oct  55* 

Of  the  six  optical  materials  tested  following  exposure  to  I.5  x  10^  r,  arsenic 
tri sulfide  glass  was  shown  to  oransmit  Infrared  to  beyond  lOp.,  and  was 
essentially  unaffected  by  radiation. 


72.  Schulman,  J.  N.,  et  al. 

The  effect  of  high  energy  radiation  on  the 
absorption  and  luminescence  of  glasses  and 
ciystals  (Abstract  from  meeting).  THE 
A.MERICM  CERAf4IC  GOCIETi’  BUI.LETIM  v.  30, 


p.  97,  1951. 

The  behavior  of  a  number  of  crystalline  and  glassy  systems  will  be  described, 
and  an  interpretation  of  the  phenomenon  will  be  proposed  for  some  of  the 
simpler  cases. 
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73,  Sun,  K.  H.  and  Kreidl,  N.  J. 

DISCOLORATION  OF  GIAJ3S  BY  RADIATIONS. 

Bausch  and  Lomb  Optloal  Company,  Rochester, 

New  York.  Special  Report,  NObsr  570.16. 

May  52.  ASTIA  AD-120  816. 

This  report  was  prepared  as  a  fundamental  background  for  all  workers  in  the 
title  field.  It  is  large  in  its  scope,  detailed  in  its  presentation.  It 
included  a  review  based  on  a  large  bibliography. 


7l(..  Neyl,  W.  A.  and  Otley,  K.  0. 

EFFECTS  OF  RADIATIONS  UPON  GLASSES.  The 
Pennsylvania  State  College,  School  of  Mineral 
Industries.  First  Quarterly  Progress  Report. 

1  July-30  Sep  50.  (Contract  DA-36»039"Sc-132) . 

ASTIA  ATI  89918. 

A  survey  of  the  existing  literature  on  the  effect  of  nuclear  radiation  on 
glasses  is  given.  Silver  containing  phosphate  glasses  exhibit  a  bright 
orange  or  pink  fluorescence  after  exposure  to  X-rays.  Various  silicate 
glasses  which  all  contained  identical  amounts  of  vanadium  and  cerium  oxide 
were  exposed  to  solar  radiation.  A  glass  composition  was  thus  found  which 
shoved  a  noticeable  change  of  color  after  only  five  minutes'  exposure  to 
bright  sunlight. 
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QUARTZ 

See  Also  catations  no.  52-57<  59-63,  79,  8s 


75 •  Arnolfrl,  G  .  W.,  Jr. 

Color  eetiters  in  synlihetlc  quartz. 

THE  JOIRNAl  OF  CHEMICAL  PHYSICS-  v.  22, 

n.  1,  p.  1959-1260,  July  1954.  (REIC  NO.  5059)- 

This  note  Is  written  to  rsport  an  absorption  maxlmvun  in  X-irradiatel  synthetic 
quartz  to  2.64  ev  (470;i),  Samples  of  synthetic  quartz  cut  perpendicular  to 
the  c  axis  yielded  the  2.Qev  maximvmi  when  X-irradiated  by  means  of  a  tungsten 
tube  operated  at  45  kv  at  IJ  ma  for  periods  from  24-44  hours. 


76.  Arnoia,  G.  W.,  Jr. 

Defeofca  In  naUtral  and  synthetic  quartz. 

J.  EflCS.  CHEM.  SOLIDS  v.  13,  n.  3-4,  p.  306-20, 

June  L-960. 

Thermoluraitiescence  measufsnents  of  quartz  (both  irradiated  and  naturally 
coloured)  have  been  made  f^rom  room  temperature  to  375°C.  Various  peaks  of 
the  light  intensity  versuss  temperatui’e  curves  Save  been  Identified  with 

absorption  maxima  in  the  1 _ 9*5-1000  spectral  regiOa.  The  method  is  extremely 

sensitive  to  radiation  dosse;  well-defined  peaks  being  observed  for  very  short 
X-irradlation  times  ('--'1  saeo).  Data  arc  presented  On  X-'lrradiated  natural 
quartz,  smoky  quartz  and  c=3ii  X-irradiated  syiitUatlo  qTterba  vlth  various  additives 


77*  Aruturmlan,  O.  and  Renius,  0* 

Er^CTS  CF  X-BADIATIOT  ON  THE  OPTICAL 
PROPEFSTIES  OF  QUARTZ  CIiY3TAl3.  fieport  of 
Confer-ence  on  Effects  of  Nuclear  Radiation 
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on  Materials  sponsored  by  Ordnance 
Materials  Research  Office  at  Watertown 
Arsenal.  1-2  Oct  57,  Feb  5^. 

liie  object  of  this  paper  is  to  review  briefly  the  changes  in  the  optical 
pi'opwiaies  of  polished  quartz  primarily  in  the  spectral  regions  where  the 
human  eye  is  not  sensitive  such  as  the  ultraviolet  and  near  infrared  spectral 
regions . 


78.  Bechmann,  R. 

Radiation  effects  in  quartz  -  A  bibliography# 

NUCLEONICS  V.  I6,  n.  3,  F-  122,  Mar  1958. 

Radiation  causes  quartz  crystale  to  display  changes  in  color,  thermal  and 
electrical  conductivity,  index  of  refraction,  and  elastic  properties.  This 
is  a  bibliographj'  of  literature  that  descri.es  investigations  of  these  effects. 
A  brief  discussion  of  the  effects  follows  a  listing  by  type. 


79*  Brown*  C.  S.  and  Thomas,  L.  A. 

Response  of  synthetic  quartz  to  x-  ray 
irradiation.  NATURE  v.  I69,  n.  4288, 
p.  35-36,  Jan  1952. 

It  is  concluded  from  the  results  with  irradiated  synthetic  crystals  that  the 
darkening' in  natural  quartz  may  be  associated  with  the  presence  of  impurities, 
and  that  changes  occurring  during  the  growth  of  a  crystal  often  produce 
corresponding  changes  in  the  susceptibility  to  X-ray  darkening  in  the  different 
parts  of  the  crystal. 


80.  Frondel,  C.  and  Hurlbut,  C.  S. 

lOTEETIGATION  INTO  EFFEC'TS  OF  RADIATION 
ON  THE  PHYSICAL  PROPERTIES  OF  QUARTZ. 
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80.  (Cont'd) 


Harvard  U. ,  Cambridge,  Mass.  Final  rept. 

1  July  51  -  30  July  53>  53?-  (Contract 

DA  36-O39-SC-I535O).  ASTIA  AD-20  66I. 

The  work  on  synthetic  and  natural  quai-tz  Involved  quantitative  chemical 
analyses  and  measurements  of  the  physical  properties.  The  latter  Included 
density,  index  of  refraction,  high-low  inversion  temperature,  fluorescence 
and  tribolumineseence,  rate  of  solution  and  unit  cell  dimension  measurements. 
The  variation  in  properties  and  composition  of  quartz  was  established}  however, 
a  clear-cut  detailed  correlation  between  the  var-lation  in  different  samples 
was  not  obtained.  Extreme  cases  of  variation  indicated  that  the  chief  variable 
in  quartz  was  a  solid  solution  of  A1  for  Si  in  the  crystal  structure.  The 
Irradiation  behavior  of  quartz  appeared  to  be  related  to  the  composition. 


81.  Klemens,  P.  G. 

Density  changes  in  neutron  irradiated  quartz. 
PHILOSOPHICAL  MAGAZINE  v.  1,  n.  10,  Ser.  8, 
p.  938.-9itl>  Oct  1956. 

Wittels  (1953)  and  Wlttels  and  Sherrill  (l95^)  measured  the  density  changes 
produced  in  quartz  by  fast-neutron  irradiation  in  a  pile.  The  density  was 
found  to  decrease  with  increasing  dose,  and  the  density  change  attained  a 
saturation  value  of  about  15  per  cent  for  doses  in  excess  or  2  x  10^^ 
neutPons/cm^.  However,  the  rate  of  density  change  did  not  decrease  steadily, 
but  increased  at  first.  A  different  explanation  of  this  Increase  in  the  rate 
of  density  change  is  given  here. 


82.  Lautout,  M. 

Photostimulation  and  coloration  of  fused 

quartz  Irradiated  by  X-  or  gamma  radiation. 

( Photos timulatlon  et  coloration  du -quartz  fondu 

Irradle  par  les  rayons  X  our  gamma)  JOURNAL 

DE  CHIMIE  PHYSIQUE  v.  52,  p.  267-27I,  I955. 

Fused  quartz,  previously  Irradiated  by  X-rays  or  gamma  rays,  becomes 
phosphorescent  under  the  action  of  visible  or  ultra  violet  light. 

The  exciting  light  first  causes,  on  the  other  hand,  a  change  of  color  of  the 
quartz  which  appears  streaked  with  dark  lines,  sometimes  appearing  as  vortexes. 
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83.  Mitchell,  E.  W.  J.  and  Paige,  E.  G.  S. 

The  optical  effects  of  radiation  induced 
atomic  damai^c  in  quc.riz.  PHILOSOPHICAL 
MAGAZINE  V.  1,  ti.  12,  Ser  8,  p.  IOO5-III5, 

Dec  1956. 

The  optical  absorption  of  neutron-irradiated  crystalline  |nd  fused  quartz 
has  been  measiu*ed  in  the  wavelength  range  1I+5O  to  10,000  A  (8.5  to  1.2 
electron-volts).  Two  absorption  bands  associated  with  atomic  displacements 
in  crystalline  quartz  have  been  found  --  C  at  5*7  electron  -  volts  and  E  at 
7.6  electron  -  volts.  All  the  damage  is  annealed  by  heating  at  950  C. 

84.  Mitchell,  E.  W.  J.  and  Regden,  J,  D. 

The  effects  of  radiation  on  the  near  infra¬ 
red  absorption  spectsruiri  o,  alpha-quai'tz. 

PHILISOPHICAL  M.AGAZIKE  v.  2,  n.  20,  Ser  8, 
p.  941-956,  Aug  1957* 

The  variation  of  the  absorption  strength  and  spectrum  in  the  region  of 
has  been  determined  for  different  specimens  of  crystalline  quartz  and  for 
X-ray,  electron  and  pile  irradiated  crystals. 


85.  Mitchell,  E.  V/.  J.  and  Wedepohl,  P.  T. 

The  scattering  of  long  wavelength  neutrons 
by  irradiated  and  unirradiated  quartz. 

PHILOSOPHICAL  MAGAZINE  v.  3,  Ser  8,  p.  1280- 

]286,  1958. 

Measurements  have^been  made  of  the  transmission  of  neutrons  of  wavelengths 
between  50  and  lOA  through  10  cm  of  unirradiated  and  pile  irradiated 
Brazilian  quartz  crystals.  After  irradiation  with  6*4  x  10^®  fast  11®  cm” 
additional  scattering  was  fovind.  The  measurement  is  discussed  in  relation 
to  optical  absorption  measurements  and  radiation  damage  theory. 


39 


LOCKHEED  AIRCRAFT  CORPORATION 


MISSILES  and  SPACE  DIVISION 


3-77-6i-2/sb-6i-25 


86.  Wittels,  M. 

The  lattice  expansion  of  quartz  due  to 

fast  neutron  bombardment.  THE  PHYSICAL 

REVIEW  V.  89,  n.  3,  P*  656-657^  1  Feb  1953- 

The  progressive  anisotropic  expansion  of  a-quartz  Irradiated  with  increasing 
dosages  of  fast  neutron  flux  has  been  observed  and  measured  by  X-ray  and 
density  methods  of  analysis.  Bombardment  produced  by  a  neutron  source  that 
gave  a  total  Integra-ced  neutron  flux  of  6.6  x  10^°  nvt  resulted  in  a  density 
change  of  (Ap/p)x  100  =  3.5  +  0.1  as  measured  by  the  hydrostatic  weighting 
method.  The  density  change  measured  by  the  X-ray  method  gave  (Ap/p)  x  100 
=  U,8  i  1.5.  The  crystal  temperature  was  approximately  100  C  during  irradiation. 


87.  Wittels,  M.  C.  - 

STRUCTURAL  BEHAVIOUR  OF  REUTRON  IRRADIATED 
QUARTZ.  Paper  submitted  for  publication  to 
Philosophical  Magazine. 

X-ray  and  density  studies  have  been  made  on  single  crystals  of  quartz 
irradiated  with  fast  pile  neutrons  at  approximately  100®C.  The  structural 
effects  of  the  irradiation  follow  at  least  two  processes  with  doses  up  to 
1.2  X  lO^'^  neutrons/cm^.  Crystals  irradiated  with  less  than  3  x  10^1^  neutrons/ 
cm^  expand  anisotropicdlly  in  a  manner  which  Is  similar  to  the  thermal 
expansion  of  unirradiated  quartz.  In  this  dosage  range,  the  volume  increase 
is  the  same.  After  doses  in  excess  of  3  x  10^9  neutrons/cm^  the  damaging  process 
is  more  complex  since  the  volume  change  indicated  by  X-ray  measurements  of 
the  host  lattice  becomes  larger  than  the  bulk  volume  change  determined 
hydorstatloally.  In  a  complementary  study,  it  was  found  that  coesite,  a 
high  density  crystalline  silica  remained  stable  under  neutron  irradiation 
dosages  wtiich  completely  disorder  quartz.  These  results  indicate  that  the 
rate  of  dsunage  in  silica  solids  is  structure  dependent. 


88. 


Wood,  D.  L. 


Infrared  absorption  of  defects  in  quartz. 
J.  PHYS.  CHEM.  SOLIDS  v.  I3,  n.  3-*+, 
p.  326-36,  June  i960. 


A  number  of  sharp  absorption  bands  in  the  infrared 
•^-quartz  between  3200  cm'^  and  3655  cm“^  have  been 
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lattice.  Defects  containing  water  may  cause  a  broad  absorption  through  this 
i'egion  of  the  spectrum  in  very  Imperfect  parts  of  certain  crystals,  but  it 
does  not  contribute  to  the  sharp  bands  observed.  One  band  at  3581  cm“^  is 
probably  due  to  the  OH  stretching  vibration  of  a  proton  defect  but  the  other 
peaks  are  not.  Treatments  of  the  crystal  Involving  X-irradiatlon,  heat 
bleaching,  annealing  or  heating  in  an  electric  field  strongly  affect  the 
Intensities  ci  he  bands  observed,  and  it  is  concluded  that  the  bands  originate 
in  colour  cenirjs  with  an  electronic  origin.  Probably  more  than  one  type  of 
centre  is  involved.  No  correlation  with  the  visible  colour  centres  of  smoky 
Tuartz  or  amethyst  is  observed.  Interstitial  foreign  atoms  play  an  important 
role  in  the  formation  of  the  infrared  centres  but  vacancies  or  interstitial 
Si  or  0  atoms  are  probably  not  involved.  Although  much  information  relating 
to  the  infrared  colour  centres  Is  available  the  full  details  of  their  structure 
are  not  yet  known. 
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